Thresholds to a temporally modulated contrast stimulus were examined across the central visual field, at photopic luminance (100 cd m À2 ), under aviation-related respiratory disturbances. These were mild hypoxia (14.1% oxygen), hyperoxia (100% oxygen), and hypocapnia (voluntary hyperventilation), with control exposures breathing air at rest. Thresholds were analysed by retinal eccentricity and by visual field quadrant. Hypoxia compromised sensitivity away from fixation (p < .001). Gender differences in sensitivity were apparent over the nasal hemifield and in response to 100% oxygen. An unexpected and highly statistically significant effect of oxygen tension (PO 2 ) exposure order (p < .001) implies the existence of short-term retinal 'memory' for recent PO 2 .
Introduction
Mild hypoxia has long been known to impair contrast discrimination under low light conditions (Hecht, Hendley, Frank, & Haig, 1946; McFarland, Halperin, & Niven, 1944) . However, there have been few photopic studies of temporal contrast sensitivity and none appear to have examined a temporally modulated contrast stimulus away from the fovea, despite the obvious relevance to aircrew visual performance. Yap, Garner, Legg, and Faris (1995) studied foveal spatial and temporal contrast sensitivity in a decompression chamber and found no effect of hypobaric (low pressure) hypoxia at equivalent altitudes of 2134 and 3658 m (7000 and 12,000 ft). Benedek et al. (2002) imposed more severe hypoxia, equivalent to 5486 m (18,000 ft) and reported enhanced foveal contrast sensitivity at low and medium spatial frequencies. However, the respired gas pressures were not measured and such hypoxia is sufficiently severe to induce secondary hyperventilation in some subjects. This promotes hypocapnia, a reduction in arterial and tissue partial pressures of carbon dioxide that results from the fall in alveolar carbon dioxide tension (P A CO 2 ). Unfortunately, mild hypocapnia may be associated with increased visual and contrast sensitivity and could have confounded the results (Otis, Rahn, Epstein, & Fenn, 1946; Wald, Harper, Goodman, & Krieger, 1942) .
To establish a reference against which to compare the results of subsequent mesopic studies, we examined photopic (100 cd m À2 ) contrast thresholds to a temporally modulated stimulus under a variety of respiratory conditions. Vision testing employed the N-30 (threshold) protocol of a standard Frequency Doubling Technology (FDT) perimeter. This was chosen as offering a relatively brief and easily repeatable test, using a dynamic contrast stimulus, while providing threshold information across the central visual field. The test was readily available, easy to administer and undertake consistently in conjunction with altered respiratory conditions, and had the potential to allow variations in threshold sensitivity to be interpreted retinotopically.
0042-6989/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres. 2007.11.006 Numerous gender differences in ocular and visual function have been reported (Guttridge, 1993) , including menstrual cycle-dependent changes in both spatial and temporal contrast sensitivity (Brabyn & McGuiness, 1979; Dunn & Ross, 1985; Johnson & Petersik, 1987) , although this is not a consistent finding (Solberg & Brown, 2002) . Gender differences in performance on two different perimeter tests have also been reported Cohn, DeAgostini, Aron-Rosa, Laloum, & Boller, 1994) . Accordingly, the current study was balanced to allow comparison of male and female responses under the various respiratory challenges.
Retinal neuroglobin (Ngb) is concentrated at the sites of greatest mitochondrial density and oxygen consumption, including photoreceptor inner segments, outer and inner plexiform layers, and ganglion cells (Bentmann et al., 2005; Schmidt et al., 2003) . Possible roles include local oxygen storage, regulation of mitochondrial oxygen consumption and protection from hypoxia (Hamdane et al., 2003; Hankeln et al., 2005; Sun, Jin, Mao, Zhu, & Greenberg, 2001) . Its ligand binding properties appear related to cellular redox state and suggest delayed responses to local fluctuations of PO 2 (Burmester & Hankeln, 2004; Pesce et al., 2002) . These characteristics suggest that imposed disturbances of retinal oxygen tension could have extended effects that might confound vision testing under subsequent respiratory conditions. Accordingly, PO 2 exposure order was carefully randomised and balanced by gender, with the aim of excluding it as a confounding factor.
Hypobaric hypoxia was simulated by breathing 14.1% oxygen (balance nitrogen) while the effect of supplementary oxygen was examined breathing 100% oxygen (hyperoxia). Moderate hypocapnia was induced by voluntary hyperventilation sufficient to lower the end-tidal partial pressure of carbon dioxide (P ET CO 2 ) to 25 mm Hg (3.3 kPa). Normoxic, normocapnic control exposures were conducted breathing air at rest. Physiological pressures are reported as measured, in mmHg, with SI Units in parenthesis (1 kPa = 7.501 mm Hg).
Methods

Subjects
The work adhered to the principles of the Declaration of Helsinki, the study protocol was approved in advance by an independent Local Research Ethics Committee, and all subjects provided written informed consent before participating. The mean age of the 12 subjects (6M, 6F) was 30 y (range 23-37 y) and the age distributions of males and females were similar. The mean (±SD) age of males was 31.8 ± 5.0 y while that of females was 27.7 ± 4.1 y, with no significant difference on two-sample t test (p = .148). Comprehensive medical and ophthalmic screening ensured fitness to participate and included a detailed medical and ophthalmic history, external and fundoscopic examination, near and distant visual acuity, accommodation, convergence, visual fields, ocular movements and alignment, pupillary reactions and colour perception (Ishihara plates). Exclusion criteria included any chronic or current systemic illness, any evidence of past or current systemic or ocular abnormality, and any regular systemic or topical medication, other than hormonal contraception. The Snellen acuity of all test eyes was 6/6 or better, with correction in two subjects. Each subject undertook a clinical screening FDT test to exclude abnormal perimetry and all were normal for age. Subjects were non-smokers who were asked to avoid alcohol for 24 h and caffeine on the day of their experiment. Females undertook a urine test to exclude pregnancy before beginning the experiment. All subjects were familiar with breathing from pressure-demand regulators using aircrew oxygen masks, and training in the technique of voluntary hyperventilation was unnecessary (Connolly & Hosking, 2007) .
Equipment
Each subject was fitted with an appropriate size of standard aircrew oxygen mask, which was supported from a cloth helmet. This arrangement prevents inhalation of expired gas, can be worn comfortably for prolonged periods, and integrates well with the FDT apparatus, such that the display test area remains in full view of the test eye. The mask was modified to provide an access port to the mask cavity, allowing continuous respiratory gas analysis using an Airspec MGA 2000 mass spectrometer. This was calibrated immediately before and after each experiment using a variety of gas mixtures of known composition, resulting in a measurement error of less than 1% for physiological pressures of oxygen and carbon dioxide. Blood pressure, heart rate and oxygen saturation were monitored non-invasively and recorded using an Ohmeda Finapres 2300 blood pressure monitor and a Kontron 7840 pulse oximeter with finger probe. Analogue outputs from both devices were calibrated and recorded, together with the mass spectrometer data, using an AD Instruments PC-based data recording and analysis system employing Powerlab/Chart software.
At the start of each test, the FDT perimeter self-calibrates to a background field luminance of 100 cd m À2 , and this was confirmed at the start of the study. The sinusoidal contrast stimuli are presented monocularly and comprise vertical gratings of low spatial frequency (0.25 cpd) with high temporal frequency counter-phase flicker (25 Hz), to induce the frequency doubling illusion. The perimeter examines 17 test areas that cover a 40°· 40°square of central visual field (Fig. 1) , with each having a maximum horizontal diameter of 10°of visual angle. Test areas are chosen pseudorandomly and thresholds are assessed using a modified staircase technique; subjects respond with a button press when a stimulus is seen. There is little, if any, difference between detection-and resolution-contrast thresholds for the frequency doubling illusion (McKendrick, Anderson, Johnson, & Fortune, 2003) . Accordingly, our subjects remained unaware of the illusion and were asked simply to respond to unambiguous perception of a faint 'shimmering' stimulus, so that the earliest perception of the stimulus was determined for all participants under all conditions. Maximum stimulus duration is 720 ms with 400 ms at plateau contrast. The N-30 protocol also examines two additional nasal test areas that are not included in this analysis. Subjects undertook three 'training' FDT tests to counter any learning effect (Heeg, Ponsioen, & Jansonius, 2003; Iester, Capris, Pandolfo, Zingirian, & Traverso, 2000) . The 48 subsequent exposures accepted for analysis provided a cumulative total of 5 h of vision testing, between 12 subjects, generating only 22 fixation errors (distributed equally between males and females), four false positive responses and a single false negative response, with no clear relationship to respiratory condition. All tests were conducted using the dominant eye.
Respiratory conditions
Control measurements were made breathing air (20.95% oxygen) at rest. Hypoxia was induced by breathing 14.1% oxygen (balance nitrogen) to generate an alveolar partial pressure of oxygen (P A O 2 ) of 55-60 mm Hg (7.3-8.0 kPa), equivalent to that expected when breathing air at 3048 m (10,000 ft), and lowering arterial haemoglobin oxygen saturation (S a O 2 ) to $90%. Hyperoxia was imposed breathing 100% oxygen. Each breathing gas was supplied through its own dedicated, pressure-demand aircrew breathing gas regulator. These had matching pressure/flow characteristics so the breathing gases were indistinguishable to the subjects, who remained unaware of the presentation order throughout. The mass spectrometer trace was monitored continuously during each exposure to ensure that an adequate face-mask seal was maintained.
As well as needing to control for delayed effects of altered retinal oxygenation, it was recognised that immediate repeat testing could be associated with a reduction in FDT sensitivity (Artes, Nicolela, McCormick, LeBlanc, & Chauhan, 2003) . Accordingly, a wholly balanced design was employed for the normoxia, hypoxia and hyperoxia conditions to control out any possible confounding effects and interactions of PO 2 exposure order and immediate repeat testing. One subject of each gender experienced each possible exposure order of the three PO 2 conditions.
Hyperventilation is alveolar ventilation in excess of metabolic need, inducing hypocapnia by lowering the P A CO 2 . Hypocapnia enhances sensitivity to the perception of flicker (Alpern & Hendley, 1952; Connolly & Hosking, 2007; Granger & Ikeda, 1961) and also, initially, to contrast, until the hypocapnia becomes pronounced (Otis et al., 1946) . Moderate hypocapnia was imposed by voluntary hyperventilation sufficient to lower P ET CO 2 to 25 mm Hg (3.3 kPa), breathing air from the appropriate regulator. This condition was always undertaken last to avoid any delayed and potentially confounding effect of the resulting acid-base disturbance (respiratory alkalosis) on the balanced order of exposures involving altered PO 2 .
Procedure
Ambient illumination was 1-2 lux at subject eye level. Seated at rest, subjects were prepared for monitoring and the hose supplying the first breathing gas was connected to the mask. Each breathing gas condition was imposed for precisely 15 min, to achieve a respiratory steady state, before commencing vision testing. The perimeter design obscures the test area from view by the resting eye but does not mask all stray light. This resulted in interference through binocular rivalry, apparent as pronounced early dimming of the test field, and obliged the first two experiments to be abandoned and repeated. Subsequent experiments were completed uneventfully with the resting eye occluded by a patch.
Upon completion of the first vision test, the breathing gas supply hose was disconnected and the subject rested for 2-3 min before repeating the process with the next breathing gas. Thus, each exposure occupied 20-25 min. When the randomised hypoxic, normoxic and hyperoxic conditions were complete, the subject was again supplied with air from the appropriate regulator and began hyperventilating until P ET CO 2 fell to 25 mm Hg (3.3 kPa). This continued for 15 min, with verbal feedback from the experimenter guiding the subject's ventilatory effort and breath-by-breath monitoring of P ET CO 2 being maintained throughout. After 15 min, the subject commenced the final vision test, still hyperventilating. By this stage, typically, a steady ventilatory rhythm was well established such that minimal, if any, prompting was required to maintain a steady P ET CO 2 during vision testing. Upon completion of the test, the subject relaxed and was monitored until P ET CO 2 rose above 30 mm Hg (4 kPa).
Analysis
For each test location, FDT perimeter N-30 results are expressed as threshold measurements in dB, according to the manufacturer's proprietary formula (Kogure, Membrey, Fitzke, & Tsukahara, 2000) . Fig. 1A illustrates how these data were grouped to allow analysis by eccentricity from fixation. The circular central fixation test area has a radius of 5°o f visual angle. Beyond this lies an inner 'ring' of four irregularly-shaped test locations that extend to 10°from fixation along the horizontal and vertical meridians and have their stimuli centred at about 9.6°along any 45°diagonal from fixation. The outer 'ring' of 12 square stimulus areas extends to 20°from fixation along the horizontal and vertical meridians such that the corner test areas have their stimuli centred at just over 21°f rom fixation. In this paper these three concentric test areas are referred to as 'centre', 'inner' and 'outer', respectively. The corresponding areas of retina differ in their anatomical structure, in their density and distribution of cone and rod photoreceptors, and by the nature of their vascular supply and, therefore, oxygenation. Each individual's means of the four 'inner' and 12 'outer' results were taken as the data points to feed, with the single 'centre' measurement, into group descriptive analysis. Selective comparisons were then undertaken using t tests on within-subject data paired by respiratory condition. Fig. 1B illustrates how the data were examined by field quadrant (ignoring the 'centre' test location). For each respiratory condition, each subject's mean threshold of the four data points in each quadrant fed into the group analysis. First, the normoxia data were checked for a normal distribution before interrogating the complete data set using balanced analysis of variance (ANOVA) to identify main effects and interactions of breathing gas, gender and field quadrant.
After excluding the hyperventilation data, this analysis was repeated specifically to include assessment of main effects and interactions of PO 2 exposure order. The possible exposure orders are HAO, HOA, AHO, AOH, OAH and OHA, where H represents the hypoxia condition, A is the normoxia (air) condition, and O is the 100% oxygen condition. For this analysis, these were arranged into three groups according to whether hypoxia immediately preceded the oxygen condition (H-O, incorporating the HOA and AHO data), oxygen immediately preceded hypoxia (O-H, incorporating OHA and AOH data), or the hypoxia and oxygen conditions were separated in time by the intervening air condition (x-A-x, incorporating OAH and HAO data).
Finally, mean quadrant thresholds were treated as four dependent variables and interrogated using balanced multivariate ANOVA (MANO-VA) to identify any influences of the previous factors that might have varied systematically across the visual field. Specific post hoc comparisons were conducted using ANOVA.
Results
Cardio-respiratory responses
The cardio-respiratory parameters associated with these experiments are shown in Table 1 . The imposed partial pressures of oxygen and carbon dioxide were as intended and well controlled, generating the anticipated changes in S a O 2 , and consistent with the data from a recent hypobaric chamber study (Connolly & Hosking, 2006) . Not shown in Table 1 , mild hypoxia induced a mean (±SD) P ET O 2 of $59 ± 4 mm Hg (7.9 ± 0.5 kPa), reflecting the imposed P A O 2 . Hyperoxia was associated with a slight but consistent and reproducible fall in P ET CO 2 by about 5 mm Hg (0.67 kPa) that is explained by the Haldane Effect, whereby hyper-oxygenated haemoglobin carries less carbon dioxide from the tissues in the carbamino form (Becker, Polo, McNamara, Berthon-Jones, & Sullivan, 1996; Dautra-bande & Haldane, 1921). When hyperventilating, all subjects maintained a steady state of hypocapnia, close to the target level of 25 mm Hg (3.3 kPa), before and during the vision test. There were no significant effects of the respiratory disturbances on heart rate or blood pressure.
Eccentricity from the fovea
Group mean threshold sensitivity data for the 'centre', 'inner' and 'outer' test areas are shown for each respiratory condition in Fig. 2 , suggesting an effect of hypoxia to degrade threshold sensitivity away from the 'centre', particularly for the 'inner' data and to a lesser extent for the 'outer' data. These effects of hypoxia were analysed relative to normoxic (control) performance using within-subject data paired by respiratory condition. The resulting data sets were normalised by subtraction (Anderson-Darling p > .1), allowing assessment using paired t tests (a = 0.05). The effect of hypoxia was highly statistically significant for the 'inner' data (p = .001) and almost achieved statistical significance for the 'outer' data (p = .051). Similarly, from Fig. 2 , the apparent slight effect of hypocapnia to enhance sensitivity at the 'fovea' was not statistically significant (p = .207).
Field quadrant
The normoxic mean threshold sensitivity of all quadrants for all subjects (N = 48) was consistent with a normal distribution (Anderson-Darling p = .28). Mean (±SD) threshold sensitivity was 26.8 ± 2.1 dB. The entire data set was analysed for main effects (a = 0.05) and interactions (a = 0.01) of breathing gas, gender and field quadrant on threshold sensitivity using balanced ANOVA. Only a main effect of breathing gas achieved statistical significance (p < .001), shown in Fig. 3 to be a reduction in threshold sensitivity under mild hypoxia.
Next, the hyperventilation data were excluded and the balanced ANOVA was repeated to include consideration of PO 2 exposure order. The main effect of breathing gas remained (p < .001) and an unexpected but equally unambiguous main effect of PO 2 exposure order was also apparent (p < .001). No other main effects or interactions were Blood pressures are higher than normal due to an uncorrected hydrostatic pressure effect on measurements made using photoplethysmography; seating height varied between subjects. Fig. 2 . Mean (±SE) threshold FDT sensitivity assessed by eccentricity from fixation (see Fig. 1A ). Using paired t tests, the effect of hypoxia to impair sensitivity, compared to normoxia, is highly statistically significant (p = .001) for the 'inner' data and almost achieves statistical significance for the 'outer' data (p = .051). Fig. 3 . Mean (±SE) threshold FDT sensitivity for all field quadrants by respiratory condition. Using balanced ANOVA, the highly statistically significant (p < .001) main effect of breathing gas is shown to be an impairment of threshold sensitivity under hypoxia.
seen. The main effect of exposure order is represented in Fig. 4 , indicating greatest overall sensitivity during the experiments in which exposure to 100% oxygen immediately preceded exposure to hypoxia, and poorest sensitivity when hypoxia immediately preceded 100% oxygen, with intermediate results when these conditions were separated by the normoxic control. For each exposure order, the mean threshold sensitivity achieved with each breathing gas is shown in Fig. 5 , illustrating the consistent benefit of supplementary oxygen over hypoxia, regardless of exposure order, but also the clear effect of exposure order to influence the overall sensitivities achieved with each breathing gas. In brief, prior hypoxia diminishes the benefit of subsequent oxygen, while prior 100% oxygen mitigates the impairment under subsequent hypoxia.
Having excluded a main effect of field quadrant, the four sets of quadrant data were examined as dependent variables using balanced MANOVA, for main effects (a = 0.05) and interactions (a = 0.01) of breathing gas, gender and exposure order. Again unexpectedly, only a main effect of gender achieved statistical significance (p = .007). This is represented in Fig. 6 , indicating greater male sensitivity over the nasal hemifield. Accordingly, the data for all four quadrants were examined in detail for trends in response by gender and are shown in their entirety in Fig. 7 . Most obviously, and regardless of respiratory condition, male sensitivity is greater than female sensitivity over the nasal hemifield. Relative to normoxia, hypoxia impairs male and female sensitivity in all four quadrants. Also relative to normoxia, female sensitivity is slightly but consistently enhanced by 100% oxygen in all quadrants, while male sensitivity is not. However, both males and females exhibit a clear benefit from 100% oxygen, in all quadrants, when compared to hypoxic performance. Finally, hypocapnia appears to enhance male and female sensitivity on the nasal side of the field, but not the temporal, in comparison to the normoxic, normocapnic control exposures. Each of these apparent trends was subject to specific post hoc analysis using one-way ANOVA (a = 0.05).
First, the effect of gender was examined in each of the four field quadrants individually, using the data from all four respiratory conditions, achieving statistical significance only in the superior (p = .02) and inferior (p = .049) nasal quadrants and supporting greater male sensitivity over just the nasal hemifield. Secondly, the female hyperoxia data for all four quadrants were examined relative to normoxia, supporting a slight benefit of supplementary oxygen to enhance female sensitivity across the visual field (p = .004). The same analysis on the male data was not significant (p = .487). Thirdly, the hyperoxia data for all subjects and field quadrants was compared to Fig. 4 . Mean (±SE) threshold FDT sensitivity for all field quadrants, grouped by PO 2 exposure order, according to whether 100% oxygen immediately preceded hypoxia (O-H); hypoxia immediately preceded 100% oxygen (H-O) ; or the normoxia (air) condition was interposed between them (x-A-x). The statistically highly significant main effect of PO 2 exposure order is apparent (p < .001). Fig. 5 . Mean (±SE) threshold FDT sensitivity for the data in Fig. 4 broken down by breathing gas (100 = 100% oxygen; air = 20.95% oxygen; hypox = 14.1% oxygen). Labeling of exposure order is as for Fig. 4 . Each data point represents the mean of 64 individual FDT test area thresholds (4 quadrants of each of 4 subjects). Fig. 6 . Mean (±SE) threshold FDT sensitivity for males (black triangles) and females (white triangles) by field quadrant, for the conditions involving alterations of PO 2 (superior nasal, SNQ; inferior nasal, INQ; inferior temporal, ITQ; superior temporal, STQ). From balanced MANOVA, the statistically significant main effect of gender (p = .007) appears to result from consistently greater male sensitivity over the nasal hemifield.
the hypoxia data, demonstrating a highly statistically significant benefit of 100% oxygen (p < .001). Finally, the hypocapnia data for the nasal quadrants of both genders were examined relative to normocapnia (normoxia) and were not significantly different (p = .119).
Discussion
Oxygenation state
Mild hypoxia, equivalent to breathing air at only 3048 m (10,000 ft), degrades temporal contrast sensitivity beyond the fovea under good viewing conditions. The impairment is unambiguous, so greater and lesser losses may be anticipated at higher and lower altitudes, respectively. Sensitivity appears unaffected at the fovea, supporting the findings of Yap et al. (1995) . However, thresholds appear much more vulnerable away from fixation. The geometric centres of the four 'inner' test areas lie just over 9°f rom the centre of the test display, suggesting significant hypoxic impairment at the boundary of the macula (Sharma & Ehinger, 2003) .
The retinotopic sensitivity to hypoxia suggests a retinal, rather than central, mechanism. The imposed hypoxia was mild, causing only slight reduction of S a O 2 . Accordingly, any tendency for inner retinal tissue PO 2 to fall should be compensated comfortably by autoregulation of inner retinal blood flow. In contrast, the outer retina relies on a high choroidal PO 2 to drive oxygen diffusion down a steep gas tension gradient to the photoreceptors. Breathing 14.1% oxygen, this choroidal oxygen 'pressure head' will fall from >100 mm Hg to <60 mm Hg, and is much more likely to compromise the outer retina. The basal oxygen consumption of the numerous rods in the periphery might be sufficient to compromise the sparser cones under hypoxic conditions. Foveal sparing may then be explained by the paucity of rods. Repeating the study using the smaller test areas of FDT Matrix perimetry might provide better spatial resolution of the influence of hypoxia with eccentricity from the fovea. However, the Matrix perimeter employs counter-phase flicker at 18 Hz, and while the adaptation and temporal tuning characteristics of FDT stimuli and spatially uniform flicker stimuli are indistinguishable at 25 Hz and above, this is not so at lower temporal frequencies (Anderson & Johnson, 2002) . Thus, it might be preferable to use spatially uniform flicker stimuli to isolate specific mechanisms.
Relative to hypoxia, 100% oxygen enhances temporal contrast sensitivity in all quadrants, so supplementary oxygen should benefit sensitivity at 3048 m (10,000 ft). Modest enhancement of the fractional inspired oxygen concentration to $32% is likely to preserve normal sensitivity at 3048 m (10,000 ft) by maintaining P A O 2 , and hence choroidal PO 2 , equal to that at ground level.
This study employed a natural pupil to assess the impact of respiratory disturbance in relation to aircrew vision dur- ing flight, that is, net of any effect on pupil size. FDT perimetry may be unaffected by pupil sizes greater than 2 mm diameter (Johnson & Sample, 2003) , although other studies indicate that performance is affected by retinal illumination and, therefore, pupil size (Kogure et al., 2000; Swanson, Dul, & Fischer, 2005) . Studies conflict over the effect of hypoxia on pupil size, with none supporting a meaningful effect of acute, brief and mild challenges to constrict the pupil. In particular, the study by Ernest and Krill (1971) suggests that moderate hypoxia, using breathing gas mixtures, does not affect resting pupil size. In the current study, neither the retinotopic pattern of response nor the modifying effect of PO 2 exposure order is explained by an effect of pupil size. Nonetheless, it remains possible that pupil size has influenced the results under hypoxia.
Gender
Right-handed, right-eye-dominant females have exhibited reduced sensitivity over the left hemifield using static Humphrey (24-2) perimetry, with no difference between genders for both eyes combined, or between eyes for either gender (Cohn et al., 1994) . The finding was independent of the ovarian cycle. Decreased left hemifield sensitivity has also been documented in right-handed females during the luteal phase of the ovarian cycle, but not during the follicular phase, using short wavelength automated perimetry . Other (non-physiological) female sample populations have exhibited reduced nasal field sensitivity during the luteal phase of the ovarian cycle (Apaydin, Akar, Akar, Zorlu, & Ö zer, 2004; Yucel et al., 2005) .
The current study adds FDT to the perimeter tests showing a gender difference in sensitivity across the vertical meridian, favouring males, when accounting for ocular dominance. The females in the current study included three, presumed anovulatory, right-eye-dominant females using oral contraception, tested on days 7, 13 and 17; two left-eye-dominant, cycling females tested on days 14/ 26 and 15/33; and one right-eye-dominant, oligomenorrhoeic female tested on day 38/49. Thus, they exhibit no obvious trend in relation to stage of the ovarian cycle. Instead, the results indicate an underlying difference between males and females in relation to hemifield sensitivity of the dominant eye. The basis of this difference is unexplained, but it is not an isolated finding and may warrant further study. Compared to normoxia, hyperoxia enhanced female sensitivity across all field quadrants. This was unexpected, is also unexplained and requires validation.
Concluding observations
The benefit of 100% oxygen extends well beyond exposure to the gas, while a less dramatic deficit persists after exposure to mild hypoxia. Thus, changes in PO 2 influence visual sensitivity for at least 20-25 min after exposure, implying the existence of 'retinal memory' for recent PO 2 and warranting further work to establish its duration. Notwithstanding the premise under which we controlled for exposure order, it remains entirely speculative that the mechanism for this unexpected observation is attributable to Ngb.
Future research into visual performance under conditions of disturbed PO 2 should consider carefully the timings of respiratory challenges and their exposure order, while past studies should be interpreted with this in mind. In the current study, the normoxic control exposures may have been influenced by prior hypoxia or hyperoxia, confounding paired comparison with hypocapnia data. Thus, it should not be inferred from this study that hypocapnia does not influence visual sensitivity.
Unpressurised light aircraft, helicopters and gliders may be operated at altitudes up to and over 3048 m (10,000 ft) without the benefit of supplementary oxygen. The findings presented here may be relevant to daytime flight in poor visibility, low contrast conditions (bad weather), especially at low level over elevated terrain, and to visual performance on contrast-dependent display-based tasks (such as those generating monochrome imagery). Additionally, much of the imagery and information presented on helmet-mounted aircrew displays will fall well outside the central 10°diameter area spared by hypoxia in this study and may be vulnerable to mild hypoxia. Furthermore, the effect of hypoxia may be considered likely to extend further into the retinal periphery and risk compromising peripheral motion sensation. Hypoxic impairment continues well beyond the duration of exposure. Thus, any visual deficit occurring at modest altitude will tend to persist following descent. From a practical perspective, if supplementary oxygen is indicated during flight it should be initiated early in the climb, to avoid establishing any persistent effect of mild hypoxia, and discontinued late in the descent to maintain its benefit ('ON' early and 'OFF' llate).
